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One of the eco-sustainable sustainable ways to generate hydrogen, which is considered a clean energy
source, involves the electrochemical process. On the other hand, identifying the most effective
heterogeneous catalyst is crucial for amine synthesis from nitro compounds in order to determine the
optimum catalytic activity, stability, and reusability. Herein, we report the preparation of a 2D tantalum
carbide MXene via the fluorine-free etching method and its application in catalysis (nitro reduction) and
electrocatalysis (HER and nitro reduction). It is well-known that due to their layered structure, MXenes
show better catalytic activities, and hence they find applications in catalysis. Ta,AlC (MAX phase) and
Ta,C (MXene) were evaluated for their electrocatalytic activity in the hydrogen evolution reaction. The
electrocatalyst Ta,C MXene exhibited overpotentials of 223 mV to reach 10 mA cm™2 current density
when tested under standard HER conditions (0.5 M H,SOy4), and furthermore, the electrocatalytic
reduction behavior of Ta,C MXene towards the electrochemical reduction of 4-NP was tested in 1 M
KOH. Galvanostatic electrolysis was performed in a divided cell using Ta,C modified carbon cloth as the
cathode, and Pt as the anode separated by a Nafion membrane, and it showed 72% product conversion
and 96% faradaic efficiency. The progress of the galvanostatic electrolysis was monitored using ex situ
Raman and UV-Vis spectroscopy. Similarly, the reducing behavior of Ta,C towards the reduction of 4-
nitrophenol to 4-aminophenol in the presence of NaBH, was tested. The Ta,C MXene displayed
improved catalytic activity with pseudo-first-order kinetics. Ta,C nanoparticles completely reduced all
three nitro compounds (10 mL each), 4-NP (216 uM-17 min), 2,4-dinitrophenol DNP (163 pM—-25 min)
and 2,4,6-trinitrophenol TNP (131 pM-36 min). Furthermore, in all these studies, the Ta,C MXene exhib-
ited improved catalytic performance and stability.
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of active electrocatalysts based on non-noble metals with less
overpotential for the hydrogen evolution reaction becomes

1. Introduction

Hydrogen is one of the essential chemical feedstocks of future
energy applications, and it can also be utilized to hydrogenate
a variety of organic molecules. The major downside of these
processes has been their high cost and low energy efficiency in
generating low-purity hydrogen over the years.” It is generally
known that platinum displays superior electrocatalytic activity
for the HER in an acidic solution at near-zero potentials; it
displays 20 mV at 1 mA cm ' and is regarded as the most
efficient catalyst.>* Unfortunately, the cost, availability, and
sustainability of such platinum-based catalysts for future
hydrogen production are onerous.” Hence, the development
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essential to improve the process efficiency.®” Hydrogen is also
used in the reduction of several organic compounds, such as
hazardous 4-nitrophenol (4-NP), an environmental pollutant,®
particularly a major contaminant of water resources.” Among
them, organic wastewater containing 4-nitrophenol has a number
of major issues,'™" including a protracted period of pollution, a
huge amount of discharge, substantial damage, a high level of
toxicity, and a treatment process that is incredibly challenging. 4-
Aminophenol is the main intermediate for paracetamol, and
major commodity chemicals (acebutolol, ambroxol, and sorafe-
nib) used extensively in the production of pharmaceuticals, dyes,
and polymers. Moreover, the green reduction of the highly
pollutant 4-nitrophenol has great significance in the industrial
production of 4-aminophenol.'>'* Nevertheless, the majority of
approaches merely collect harmful substances and necessitate
additional calcination treatment, like adsorption, to effectively
eradicate 4-NP. As compared to other techniques, catalytic
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hydrogenation is the most eco-friendly, effective, and feasible way
to convert 4-NP to 4-AP. The reaction could be performed in water
using a hydrogen source such as NaBH,, which is considered a
green route for this reduction reaction.'**

MXenes are a new type of material discovered a decade ago
(in 2011);*® which contain transition metal carbides, nitrides,
and carbonitrides, and they emerged as a new class of two-
dimensional materials."”*® MXenes are synthesized via a selec-
tive etching process to disperse the layers from stacks, generally
using a solution of HF, KF or LiF, or HCI that have high toxicity/
1920 yarious etching methods have been developed
for preparing MXene sheets,> but the alkali etching method
increases the material’s performance and is ecologically better
compared to the fluoride etching method to remove aluminium
from the MAX phase in an efficient way.”*?* In general, the catalytic
applications of MXenes rely on the nature of the transition metals
and the terminal groups.>* Transition metal carbides show higher
catalytic activities for the reduction of nitro compounds.* Recently,
Zhang et al. reported the synthesis of Ti;C,T, (T = OH, O) using the
alkali-assisted hydrothermal technique that was based on the Bayer
process to purify bauxite. Using this approach, the Ti;C, MXene
was synthesized with 92% purity.*® Kuznetsov et al. reported the
preparation of Co:Mo,CT, MXene and its application in the HER
which displayed a low overpotential of 250 mV at a current density
of 10 mA cm™? in 1N H,SO, solution.?” Pumera and co-workers
reported the HER application of Mo,TiAlIC, max phase which
showed a low overpotential of 570 mV in 0.5 M H,S0,.® Later,
the photoelectrochemical HER activity of the fluorine-doped Ta,AIC
max phase was reported by the same group, wherein the Ta,AlC
displayed an overpotential of 786 mV at 10 mA cm 2 current
density.®® Le et al. prepared nitrogen-doped Ti;C,T, by annealing
the sample at 600 °C and the heat treated sample displayed
superior HER activity (overpotential of 198 mV at 10 mA cm ?)
compared to pristine Ti;C,T.>° Very recently, Tang et al. reported
the preparation of mesoporous nitrogen-doped carbon layer
coupled MoC nanodots and 2D Ti;C, MXene composites and
evaluated their electrocatalytic properties towards the HER in
0.5 M H,S0,.>' The composites displayed a low overpotential of
159 mV at 10 mA cm™ > current density. Rasheed et al. reported the
catalytic activity of Nb,C;T,@PdNP MXene composites towards the
reduction of 4-nitrophenol and organic dyes.*> About 200 pL of
0.5 mg mL™~' Nb,C;T,@PdNP catalyst was added to 400 pL of
1 mM 4-NP in the presence of NaBH,, which reduced 4-NP within
3 min and the catalyst was reused for up to 5 consecutive cycles
without much loss in the catalytic activity. Chen et al. prepared
CQD@Ag/Ti;C, MXene composites and used them to catalyse the
reduction of 4-NP.>® Recently, Zhao et al. reported the use of Ag/Ni-
MOF on Ni foam as the cathode for the electrochemical reduction
of 4-nitrophenol, and exceptional conversion and faradaic effi-
ciency of 98.4% and 99.8% were achieved.*?

The present study reports alkali-assisted hydrothermal
synthesis of Ta,C MXenes, which are also known as fluorine-
free MXenes. The as-synthesized MXene was thoroughly char-
acterized and tested for its electrocatalytic activity in the
hydrogen evolution reaction, and in the electrochemical and
chemical reduction of substituted 4-nitrophenol analogs.

corrosiveness.
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2. Materials and methods
2.1 Materials

Ta,AlC MAX Phase (nano research elements-Haryana), KOH,
LiCl, ethanol, sulfuric acid, 4-nitrophenol (4-NP), 2,4-dinitro-
phenol (DNP), and 2,4,6-trinitrophenol (TNP) were of analytical
grade and used without further purification (Sigma-Aldrich Pvt
Ltd), and the water utilized in this experiment was double distilled
over alkaline potassium permanganate.

2.2 Synthesis of Ta,C MXenes

4.5 g of potassium hydroxide pellets were dissolved into a
minimum amount of deionised water to make a concentrate
base solution; then 1.5 g of Ta,AlC powder was added, mixed
with the base solution, and stirred for 5 minutes. This mixture
was transferred into a stainless steel 50 mL autoclave containing
a Teflon vessel, sealed and heated to 150 °C for 24 h. After which,
the obtained product was centrifuged and washed with deio-
nised water to reach pH 7.** The etched Ta,C MXene (Ta,C-B)
(B stands for bulk) sediment was then dispersed in a 0.5 M LiCl
solution, stirred at room temperature for 5 hours, then filtered
and washed with deionised water via centrifugation.® Finally,
the sample was mixed with 50 mL of ethanol and then ultra-
sonicated for 10 hours. Then, the sample was centrifuged, and
dried in a vacuum oven at 80 °C for 12 h. The schematic
synthesis process is shown in Fig. 1.3° Then the prepared MXene
(Ta,C-E) (E stands for exfoliated) was subjected to characteriza-
tion to confirm its chemical integrity, functionalities, and
morphology.

3. Results and discussion
3.1 Characterization

A comparison of the Raman spectra of the MAX phase and the
tantalum carbide MXene confirms the removal of aluminium
from the MAX Phase as shown in Fig. 2(a). A;g (02, ®3) and E;g
®5 are Raman active modes of Ta,C-E layers; E,g (01, ®4) are
attributed to Ta,AlC layers as per previous reports.”’*® The
vibration involving Al, i.e., E,g (01, ©4) is suppressed in Ta,C-E
due to the absence of aluminium or exchange of Al with lower
atoms because of basic etching. This confirms the complete
etching of Al from the MAX phase. The vibrational modes of ®5
were weak in comparison with tantalum aluminium carbide
and merged, thereby providing the information that the tanta-
lum carbide was still in the closely packed structure after the
removal of Al and the probe sonication. The X-ray diffraction
(XRD) patterns confirm the successful formation of Ta,C-E
MXene. The diffraction peaks of Ta,C-E (JCPDS: 96-210-3619)
are analogous to Ta,O planes 011, 020, 021, 121, 022, and 122
ascribed to 20 = 31.7, 45.4, 51.1, 56.4, 66.2, and 70.8 and
different from that of the Ta,AlIC MAX phase (JCPDS: 00-029-
0092); 100, 101, and 103 planes corresponding to 26 = 28.3,
29.4, and 37.1 were suppressed.*®*° The peak intensities clearly
indicate the elimination of aluminium from the starting material
(Fig. 2(b)). The MAX phase was initially present in a hexagonal
structure but after etching it was transformed into a cubic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nanomaterial.*’ Energy Dispersive X-ray spectroscopy (EDS)
results confirm the complete removal of aluminium by the
etching process. The expected elements presented after etching
show some amount of potassium (7.5%) and an increased
amount of oxygen in the etched materials which indicates that
the oxidation of nanomaterials is unavoidable (Fig. S1, ESIT).

The morphology of Ta,AIC and Ta,C-E was analyzed using
a scanning electron microscope, which reveals the micro-
structure of the multilayered MAX phase, and in the case of
etched materials (Ta,C-B), the sheets are slightly expanded due
to the removal of aluminium (Fig. 3(a)-(c)). Furthermore, the
dispersion is confirmed by the addition of LiCl,. In the FESEM
image given in Fig. 3(d), the etched sample appears like a cubic
aggregate.

© 2023 The Author(s). Published by the Royal Society of Chemistry

20 (degrees)

(a) Raman spectra of the Ta,AlC MAX phase and Ta,C-E (b) XRD patterns of Ta,AlC and Ta,C-E.

To obtain further morphological insights HR-TEM analysis
was performed (Fig. 4(a) and (b)) which reveals a cube like
structure of Ta,C-E. The very crystalline nature is evident from
the selected area electron diffraction patterns given in Fig. 4(c).
The HAADF (high angle angular dark field) elemental mapping
results shown in Fig. 4 confirm the equal distribution of Ta and
C in Ta,C-E.

Besides, XPS spectra was recorded to understand the details
of the chemical composition of Ta,AlC and Ta,C-E. Fig. S2(a)
and (b) (ESIt) show the XPS survey spectrum. The absence of
the Al peak in the Ta,C-E MXene confirms the complete etching
of Al and the presence of remaining elements. The deconvo-
luted spectrum of Ta 4f shows peaks (Fig. S3(d), ESIT) at 24.2
and 26.0 eV, related to the Ta 4f;,, and 4f5,, matching with the
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Fig. 3 SEM micrograph images of (a) MAX phase, (b) after alkali etching of
Ta,C-B, (c) Ta,C-E, and (d) FESEM image of Ta,C-E MXene.

Ta-C bond and it was evident that Ta exists as Ta*" in Ta,C
MXene. A comparison of the deconvoluted C 1s XPS spectra of
the MAX phase and MXene confirms the appearance of new
carbon peaks at 290 eV and x292 eV, an indication for the
removal of aluminium (Fig. S3(e), ESIT).

3.2 Electrocatalytic activity

(a) HER investigations. The electrocatalytic activities of
Ta,C MXene and its MAX phase (Ta,AlC) were evaluated by
obtaining linear sweep voltammetry (LSV), cyclic voltammetry
(CV) and chronoamperometry data in acidic medium (0.5 M
H,S0,) under standard HER conditions (Fig. 5(a) and (b)).
Initially, cyclic voltammetry curves (CVs) were recorded for
both the samples for 1000 cycles at a scan rate of 100 mV s~ %,
after which linear sweep voltammograms (LSVs) were recorded
at a 2 mV s~ ' scan rate. A typical polarization curve demon-
strates that the modified Ta,C electrode displayed a low over

View Article Online
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potential and the other electrocatalyst showed a higher over
potential. It is evident that among the prepared electrocatalysts,
Ta,C-E MXene exhibited the lowest overpotential of 223 mV to
reach 10 mA cm ™2 current density and Ta,C-E showed a higher
current density of 358 mA cm™> compared to other electrocata-
lysts indicating its excellent HER performance. The benchmark
catalyst Pt-C exhibited 77 mV to reach 10 mA ¢m™> under
similar conditions. Furthermore, the Tafel slope was plotted by
taking a log of the current density and the overpotential to
understand the HER kinetics (Fig. 5(d)). The Tafel values
obtained for the electrocatalysts were, MAX phase - 159 mV dec™ ',
alkali etched sample Ta,C-B - 132 mV dec ', Ta,C-E MXene -
75 mV dec !, and Pt-C - 44 mV dec . It is apparent that the
Ta,C MXene showed the lowest Tafel slope value next to the Pt-
C, indicating its facile OER kinetics, while the other samples
such as the MAX phase and alkali etched samples displayed
higher Tafel slope values. EIS (Electrochemical impedance
spectroscopy) investigations were carried out in the range of
0.05 Hz to 10° Hz. It is obvious that the Ta,C-E (305.5 Q) MXene
displayed very low R.. compared to the MAX phase (Fig. 5(c)),
indicative of the low ion transport resistance of Ta,C-E MXene.
Another crucial aspect to consider when evaluating the effec-
tiveness of catalysts is their stability under investigated condi-
tions using chronoamperometric analysis. The chronoampero-
metric analysis of Ta,C-E MXene under HER conditions
revealed the excellent stability of the catalyst over 24 h without
any degradation in its catalytic activity (Fig. 5(e)). The
lower onset potential and higher cathodic peak current were
observed for Ta,C-E in 0.5 M H,SO, medium, indicating its
superior electrocatalytic activity under these conditions, and
the catalyst Ta,C-E was durable over 24 h under the tested
conditions.*®?*** The HER activity comparison table of iden-
tical electrocatalysts is shown in Table S1 (ESIt) which shows
that Ta,C-E MXene performs better even without compositing.
After the HER stability test, we found no differences in the

Fig. 4 HR-TEM images of Ta,C-E (a) and (b) and (c) selected area electron diffraction (SAED) image and HAADF mapping image of Ta,C-E, Ta, and C.
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Fig. 5 (a) LSV studies on bare glassy carbon (GC) electrode, modified GC, GC/Ta,AlC, GC/alkali etched Ta,AlC-B and GC/Ta,C-E in 0.5 M H,SO4/H,0 at

a2 mV s~ scan rate, (b) LSV at the maximum current range, (c) EIS spectrum of Ta,AlC and Ta,C-E, (d) Tafel slopes of Ta,AlC and Ta,C-E modified

electrodes, and (e) a stability study of GC/Ta,C-E over a duration of 24 h.

morphology, indicating the catalysts’ outstanding reliability
under HER circumstances (Fig 5S4, ESI{).

(b) Electrochemical conversion of 4-nitrophenol to 4-amino-
phenol. The electrochemical conversion of 4-nitrophenol to
4-aminophenol has great importance from an industrial per-
spective as 4-NP is a common organic pollutant.** Although
there are chemical methods that efficiently convert 4-NP to 4-AP,
an important intermediate for dyes and drugs, these methods
produce secondary pollutants in the form of sludge, or they
utilize expensive noble metal-based catalysts. In an electroche-
mical method, 4-NP is converted to 4-AP in a more eco-friendly
way, where the electro-catalyst initiates the reduction process in
aqueous medium which also acts as a hydrogen source.*»** In
this work, we have evaluated the electrocatalytic performance of
Ta,C-E MXene towards the reduction of 4-NP to 4-AP in 1 M KOH
medium. Initially, linear sweep voltammograms were obtained
in the presence of 4-nitrophenol (10 mM) using 1 M KOH as an
electrolyte.*>*® Fig. 6(a) shows the LSV response of Ta,C-E
MXene with and without 4-NP and Fig. 6(b) shows the LSV
response of bare, MAX phase and Ta,C MXene in the presence
of 4-NP. It is evident that in the absence of 4-NP, no reduction
peak could be observed. In the presence of 4-NP, an onset
potential of —0.27 V was noted for the reduction of 4-NP and
the reduction potential of 4-NP was approx. —0.9 V with a current
density of —14 mA cm 2. Furthermore, the comparative LSV
shows that Ta,C-E exhibits better electrocatalytic activity than
the bare and MAX phase which is evident from their current
density as well as onset potentials. Fig. 6(c) shows the EIS spectra
of the bare, MAX phase and Ta,C-E samples, showing a lower R

© 2023 The Author(s). Published by the Royal Society of Chemistry

value for Ta,C-E. Also, Fig. S5(e) (ESIt) shows a comparison of
EIS with and without 4-NP, and it is evident that in the presence
of 4-NP, Ta,C-E displayed a lower R, value indicating a facile
reduction process. The Tafel slope was calculated from the
corresponding LSV data and given in Fig. 6(d), and it is evident
that Ta,C-E exhibited a lower Tafel slope value of 128 mV dec ™"
indicative of better nitrophenol reduction kinetics than its MAX
phase.*® Fig. S5(f) (ESIT) compares the Tafel values of Ta,C-E in
the absence and presence of 4-NP. It can be manifested that in
the presence of 4-NP, Ta,C-E displays the lowest Tafel slope value
(123 mV dec™ ).

The electrochemical reduction of 4-NP follows three con-
secutive two electron reduction pathways. In the first step, 4-NP
is reduced to 4-nitrosophenol by 2 electron 2 proton transfer. In
the second subsequent step, 4-nitrosophenol is reduced to
4-hydroxylaminophenol by 2 electron, 2 proton transfer.
Finally, in the third step, 4-hydroxylaminophenol is converted
to 4-aminophenol by another 2 electron, 2 proton transfer. It is
noteworthy that in each step, 2 electron and 2 protons are
utilized. After LSV investigations, galvanostatic electrolysis of
4-nitrophenol was performed in a divided cell set up using
Ta,C-E coated carbon cloth electrode (1 x 1 cm) as the cathode
and Pt sheet as the anode, separated by a Nafion membrane at
current densities of 40, 80, 120, 160 and 200 mA cm ™2 at room
temperature [the divided cell set up is essential to prevent the
anodic polymerization of 4-aminophenol]. At the end of elec-
trolysis, the reaction mixture was worked up and the products
were confirmed using H" and C™* NMR spectroscopy (Fig. S7(a)
and (b), ESIT). From Fig. 7, it can be realized that a better yield

Mater. Adv., 2023, 4, 3593-3602 | 3597
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Fig. 6 (a) LSV studies with and without 4-NP on modified Ta,C-E (1 M KOH/H,O at 50 mV s~ scan rate), (b) LSV at the maximum current range
compared to the bare and MAX phase, (c) EIS spectrum of Ta,AlC and Ta,C-E and (d) Tafel slopes of Ta,AlC and Ta,C-E with 4-NP.

was obtained when the current density was 160 mA cm 2,

however with an increase in current density, a decrease in
faradaic efficiency is noted.

The progress of the electrocatalytic reduction of 4-NP to 4-AP
in 1 M KOH electrolyte was monitored using ex situ Raman and

UV-Vis spectroscopy.’” Fig. 8(a) shows the Raman spectra of
4-nitrophenol, where the predominant peaks such as C-H ip
bending (1116, 1172, and 1292 cm™ '), NO, symmetric stretch-
ing (1339 cm™ ') and NO, bending (858 cm™') were observed.*®
The decrease in Raman intensity of the NO, symmetric stretch

Galvanostatic electrolysis
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Fig. 7 Results of the galvanostatic electrolysis of 4-nitrophenol to 4-aminophenol at different current densities (faradaic efficiency is given in dark blue
shades with FE indicated in white color and yield% is given in light blue shades with the corresponding yield indicated in red color).
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at 1292 cm™ ' is monitored with respect to reaction time, as this
is a key indicator for the disappearance of the nitro peak. It can
be observed from Fig. 8(a) that a rapid decrease in the Raman
intensity is observed until 150 min, after which the peak
completely disappeared indicating the successful conversion
of 4-NP to 4-AP by galvanostatic electrolysis. Furthermore
Fig. 8(c) shows the presence of NH, wagging (848 cm™ ') and
NH, twisting (1172 e¢m ') peaks on both commercial and
electrochemically synthesized samples confirming the success-
ful formation 4-AP. The kinetics of the catalytic process was
found to be pseudo-first order reaction as shown in Fig. 8(b). As
already mentioned, the ex situ Raman measurements enabled
us to observe the reaction’s changes on a preparative scale.
Generally electrolysis is a very slow process so that assignment
of the observed Raman bands is performed on the basis of
previously reported data. UV-Vis spectroscopy is a widely used
and standardized approach, that is frequently employed to
monitor the progress of the conversion of 4-NP to 4-AP. The
large absorption cross section of 4-NP prevents UV-Vis spectro-
scopy from being able to monitor the process under our
synthetic circumstances and volume and catalyst concentration
are the major reasons for the rate constant differences. Also,
the galvanostatic electrolysis was carried out in pH 11-12 and
catalytic investigations were carried out in aqueous medium at
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neutral pH. The conversion of 4-NP to 4-AP was also monitored
by recording UV-Vis spectroscopy every 30 min and the plot is
shown in Fig. 8(d). The kinetics of the reaction was found to be
pseudo-first order reaction (Fig. S6, ESIT) and the slope of In(A4y/A)
vs. time, where A, and A are the absorbances (Ayax = 402 nm) at
time ¢, and ¢, respectively, is therefore regarded to be the apparent
reaction rate constants (k,pp) similar to the rate constant calcu-
lated at 1292 cm ™" in Raman spectroscopy.

3.3 Chemical reduction of 4-nitrophenol

The catalytic reduction of hazardous nitrophenol to the corres-
ponding aminophenol derivatives by surplus sodium borohydride
in the presence of the catalyst (MXene and MAX phase) was selected
as a model test reaction to assess the catalytic performance of Ta,C-
E MXene and the progress of the reduction was monitored by
UV-Vis spectroscopy. 4-Nitrophenol shows an absorption maxima at
400.8 nm and upon reduction, 4-aminophenol is formed, which
shows an absorption maximum at 298.6 nm. Typically, either of
these two peaks is examined to monitor the reduction process, ie.,
when reduction occurs, a decrease in peak intensity at 400.8 nm
with respect to time was noted, and complete disappearance of this
peak indicates completion of the reduction process or increase in
the intensity of the peak at 298.6 nm with respect to time is
monitored. The reduction of nitrophenol in the presence of the

b) 0.1
0.0 4 [*
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£
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(a) Ex situ Raman spectra of an electrolytic mixture containing 4-NP = 0.3 g (270 mM), in 1 M KOH, T = 25 °C. (b) Kinetic study of the Raman

intensity at 1292 cm~* during the electrocatalytic reduction of 4-NP. (c) Raman scattering spectra of commercial 4-NP and electrolyzed sample at t = 150

min, and (d) UV-Vis absorption spectra revealing the reduction process.
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catalyst and NaBH, initially leads to the formation of nitropheno-
late ion which is then reduced to aminophenolate [initially in the
presence of sodium borohydride the solution was light yellow; after
the addition of NaBH, a small amount of bubbles were observed
due to the reaction between NaBH, and water; then, followed by the
addition of catalyst, a large amount of bubbles was observed, and
finally the solution turned colourless].*® To cross-check the role of
catalyst in the reduction of nitrophenols, a blank reaction was run
with 4-nitrophenol without the catalyst in the presence of excess
NaBH,. No reduction was observed. The catalytic activity of the as-
synthesized Ta,C-E MXene was tested towards the reduction of
4-nitrophenol using surplus NaBH, in an aqueous medium at RT,
and the results were compared with its MAX phase as given in
Fig. 9(a) and (b). It is observed that the MAX phase took about
90 min for the reduction of 10 mL of 4-nitrophenol (216 uM) with
1 mg of MAX phase catalyst, however the Ta,C catalyst took only
17 min to reduce the same under identical concentrations, reveal-
ing its superior catalytic performance in the reduction of hazardous
4-nitrophenol. Different volumes of 4-nitrophenol (216 uM) were
reduced under identical conditions, and the results indicate
that they were reduced at different time intervals shown in Fig.
S9(d)-(f) (ESIT), however, the time interval trend followed a linear
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relationship with respect to concentration.”® Furthermore, the
catalyst was checked for its reusability, five consecutive catalytic
cycles were performed using 5 mL of 4-nitrophenol (216 uM) with
1 mg of Ta,C-E catalyst and the results are provided in Fig. S8
(ESIt); it is noted that after each repeated cycle, a slight decrease in
the efficiency (1% decrease) was noted.

It is evident that Ta,C shows excellent catalytic performance
towards the reduction of 4-nitrophenol in the presence of
excess NaBH, under aqueous conditions. To further extend
the scope of Ta,C based reduction catalysis, the reduction of
other hazardous nitro compounds such as 2,4-dinitrophenol
(DNP) and 2,4,6-trinitrophenol (TNP) was also tested under
similar conditions.”® DNP and TNP show absorption maxima at
352.6 and 389.6 nm, respectively. Upon reduction, the corres-
ponding aminophenol peaks were observed at 299.04 and
301.2 nm, respectively (Fig. 9(c) and (d)). It is apparent that
the Ta,C catalyst took 25 and 36 min to reduce DNP (163 uM)
and TNP (131 pM) respectively. From the results, it can be
concluded that Ta,C-E shows excellent catalytic activity towards
the reduction of hazardous nitrophenols to aminophenols.

Table 1 compares the performance of various 2D layered
materials towards the reduction of 4-nitrophenol in the presence

g

4-NP

p-NP = 10 mL (216 uM)

Absorbance (a.u.)

350
Wavelength (nm)

TNP = 10 mL (131 uM)
0 mins

Absorbance (a.u.)

350
Wavelength (nm)

500

Fig. 9 UV-Vis absorption spectra revealing the reduction process of 10 mL of 4-nitrophenol (216 pM) with 1 mg of (a) Ta,AlC and (b) Ta,C. (c) The
reduction process of 10 mL of 2,4-dinitrophenol (DNP) (163 uM) with 1 mg of Ta,C and (d) 10 mL of 2,4,6-trinitrophenol (TNP) (131 uM) with 1 mg of Ta,C.
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Table 1 Comparison of the catalytic performance for 4-nitrophenol reduction

Material Catalyst (mg mL~") Concentration of 4-NP (mM) Volume of 4-NP (mL) Time for completion of the reaction (min) Ref.
Cu,O/TiO,/Ti,C, 0.3 5 2 40 52
CQD@Ag/MXene  0.0040 10 0.015 2 25
Cu/GDY 0.05 0.19 1 2.7 11
MXene@AgPd/ 0.06 0.1 50 1 53
PDA

Pd/CNT 1 1 4 30 54
Nb,C;@PdNPs 0.033 0.133 0.4 2.75 32
Zn/Sn0O, 1.5 2 0.12 22 55
PANI/Bi,05 1 0.2 1 15 56
MOoS,/Ti;C, 1 2 0.25 5 57
Au/CaCO, 1 1 2 3 45
Ti;C,@PdNPs 1 5 1 8 58
AgPd@UiO-66-NH,, 1.5 5 1.5 7 9
CoFe,0,/C 0.05 0.1 2.95 2.5 12
CuFe,0, 5 0.1 2.5 2 50
Ta,C-E MXene 0.2 0.216 5 8 This work

of excess NaBH,. It is apparent that Ta,C MXene shows excellent
catalytic activity towards the reduction of 4-nitrophenol at very
low concentrations of Ta,C.

4. Conclusions

In this work, Ta,C MXene was synthesized from Ta,AIC using a
fluorine-free synthesis method, and the prepared MXene was
confirmed using various characterization techniques. It is recog-
nized that due to their layered structure, MXenes display
improved catalytic activities, and hence the prepared Mxene was
tested for its electrocatalytic activity towards the HER and nitro-
phenol reduction. Furthermore, the catalytic activity towards the
reduction of substituted nitrophenols in the presence of excess
NaBH, was also investigated. Under standard HER conditions, the
electrocatalyst Ta,C-E MXene exhibited overpotentials of 223 mV
to reach the 10 mA cm™? current density (0.5 M H,SO,). Further-
more, the electrocatalytic reduction behavior of Ta,C MXene
towards the electrochemical reduction of 4-NP was investigated
in 1 M KOH. Galvanostatic electrolysis was performed in a divided
cell using Ta,C-E modified carbon cloth as the cathode, and Pt as
the anode separated by a Nafion membrane, and it showed 72%
product conversion and 96% faradaic efficiency. The progress
of the galvanostatic electrolysis was monitored using ex situ
Raman and UV-Vis spectroscopy. Similarly, the reducing behavior
of Ta,C-E towards the reduction of 4-nitrophenol to 4-amino-
phenol in the presence of NaBH, was tested. Ta,C-E MXene
displayed improved catalytic activity with pseudo-first-order kinetics.
To expand the scope of catalysis, substituted nitrophenols such as
2,4-dinitrophenol and 2,4,6-trinitrophenol were tested under similar
conditions. Ta,C nanoparticles completely reduced all three nitro
compounds (10 mL each), 4-NP (216 M), DNP (163 pM) and TNP
(131 uM) in 17, 25 and 36 min, respectively. It is apparent that in all
these studies, the Ta,C MXene displayed improved catalytic perfor-
mance and stability. This study indicates that MXene-based catalysts
can be successfully applied in chemical catalysis as well as electro-
catalysis. Furthermore, the scope of MXene catalysis can be
improved by compositing these layered materials with transition
metal ions which shows outstanding performance and stability in

© 2023 The Author(s). Published by the Royal Society of Chemistry

water splitting and nitrophenol conversion. Our method combines
reticular chemistry with materials electrochemistry, and this
method is helpful in the development of new catalysts for applica-
tions in organic synthesis and toxic chemical reduction.
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